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Water adsorption isotherms on gold films were measured with a 
quartz crystal microbalance. Two gold films were studied: a "dirty" 
gold film contaminated by approximately one monolayer of carbon, and 
a "clean" gold film prepared by evaporating gold from a heated tung-
sten wire under high vacuum. 
Water was found to chemisorb on both films according to a Freund-
lich type adsorption isotherm. Isosteric hearnof adsorption were com-
puted from the isotherm data. On the "clean" gold surface the iso-
steric heat showed a logarithmic decrease with increasing water cover-
age. The highest measured value for the heat of adsorption was 35 kcal 
1 14 -2 mole- at a coverage of 0.6 x 10 molecules em . Above one monolayer 
coverage the heat of adsorption reached a constant value of 13 kcal 
-1 
mole . 
In the range of coverages investigated on the "dirty" gold film 
the heat of adsorption decreased with increasing H2o coverage but did 
not show a logarithmic behavior. The maximum value measured was 19 
kcal mole- 1 . 
The experimental differential molar entropy of adsorption on 
"clean" gold was compared with theoretical entropies. It was found 
to be composed mainly of translational entropy. This and the decrease 
of the isosteric heat of adsorption with increasing water coverage 
favor a mobile water layer. 
ii 
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Gold films are used in a large variety of technological and 
scientific applications. These films are often chosen because gold 
is chemically inert toward many substances. However, it is important 
to know if gold films are actually as inert as they are supposed to 
be. Surface reactions may lead to degradation of some surface 
properties such as optical reflectivity or emissivity. 
To date few studies have been made of the adsorption of water 
on gold. Sarakhov1 studied adsorption of water on gold sheets. 
He found that adsorption was time dependent. A fast physical adsorp-
tion was followed by chemisorption. He also found that after de-
sorption of the water by pumping, some water molecules remained ir-
reversibly bound to the surface. Assuming that water formed a con-
oz 
tinuous monolayer, he found a surface area of 17 A for each water 
molecule, which is the area occupied by one atom of gold. 
2 Von Hermel and K. Schwabe studied the adsorption of tritium-
labeled water on gold films. They found no time dependency. They 
3 
used the BET method for surface measurements, thus implying that 
they were measuring physically adsorbed H2o. Wells and Fort4 studied 
the interaction of water with clean, bulk gold surfaces by measuring 
work function changes. Water was found to chemisorb on the gold with 
-1 
an activation energy of 3 to 9 kcal mole , and had a desorption 
-1 
energy of about 25 kcal mole • 
This paper describes a study of the adsorption of water molecules 
on "clean" and "dirty" gold fi:lms. Adsorption isotherms were mea-
5 
sured with a quartz crystal microbalance • These isotherms were then 
2 
used to calculate isosteric heats and differential molar entropies 
of adsorption. Krypton gas adsorption isotherms at 77 K were used 
to determine the surface roughness of the gold films. The roughness 
3 
calculations were based on the BET method • BET plots were also 
successfully made from the water adsorption data at coverages higher 
than one-half of a monolayer. Each water molecule was found to 
oz 
cover a surface area of 16 A on the "clean" gold film. At coverages 
less than about one-half of a monolayer, water was strongly adsorbed 
on "clean" gold films. The isosteric heat of adsorption was 34 kcal 
-1 
mole at one sixth of a monolayer, and decreased rapidly with in-
creasing coverage. 
3 
II. EXPERIMENTAL APPARATUS 
A. GENERAL DESCRIPTION 
Adsorption isotherms were measured by means of an AT-cut quartz 
5 crystal microbalance 12.5 mm in diameter and 0.34 mm thick . Evapor-
ated gold electrodes, 6 mm in diameter, cover the central section of 
the crystal. An oscillator attached to the crystal drives it at its 
fundamental resonance frequency which is about 5 MHz. A change of 
mass on the oscillating section (defined by the gold electrodes) 
causes a change of the resonance frequency, ~f. The frequency change 
is directly proportional to the change of adsorbate population per 
unit area ~ according to the relationship: 5 
~f = M~N/1.079 X lo-16 (1) 
where M is the gram molecular weight of the adsorbate. The frequency 
is measured by a frequency meter and recorded as a function of time 
by a strip chart recorder. In this way ~ is continuously monitored. 
Figure 1 is a schematic drawing of the complete apparatus. Fig-
ures 2 and 3 give detailed views of the microbalance chamber. The 
microbalance is at the bottom of a vertical cylinder. A coil of gold 
wire wound around a tungsten heating wire is mounted on each side of 
the microbalance. The microbalance crystal is enclosed in a stainless 
steel box. Two holes on each side of the box are aligned with the 
crystal center and the gold wire. This box acts as a shield to pre-
vent the metal deposit from shorting the contacts between the gold 
electrodes and the support, and also prevents the enlargement of the 
electrode surface. Such an enlargement would change the electronic 
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Figure 3. Close View of the Microbalance in its Box 
6 
7 
The microbalance chamber was immersed in a constant temperature 
bath regulated to +0.01°C. The isotherm temperatures ranged from 
-30° to 45°C. Methanol was used as the bath fluid. 
The vacuum system was evacuated by ion pumping. A mechanical 
forepump was employed in the startup to bring the pressure down to 
-5 
10 torr. A liquid nitrogen trap was inserted between the ion pump 
and the mechanical pump to prevent contamination. A bakeout of the 
vacuum system at 200°C for sixteen hours produced a residual pressure 
-9 
of about 5 x 10 torr. The time required to bring the microbalance 
and its chamber to the isotherm temperature was about twelve hours 
after the end of the bakeout. A monopole mass spectrometer was used 
to determine the residual gas composition. At the base pressure the 
-9 0.5 x 10 torr. 
-9 PH = 4.5 x 10 and Pea = 
2 
partial pressures of these gases were: 
The water vapor and the krypton gas for BET measurements were 
admitted into the microbalance chamber from two glass reservoirs 
sealed off by high vacuum valves. No attempt was made to measure 
directly the equilibrium pressure o f the wate r vapor. Instea d the 
pressure was set by immersing the water bulb in an insulated bath 
and monitoring the temperature of the latter. The vapor pressure in 
the microbalance chamber was calculated from the known equilibrium 
6 
v a por pre ssur e-tempe r a ture d e p endence . The microbalance f r e que n cy 
shift, due to water adsorption, and the water bulb temperature were 
recorded simultaneously. The pressure of krypton gas was measured 
with an ionizati on gauge . 
B. WATER ISOTHERMS MEASUREMENTS 
Two methods were used to measure water adsorption isotherms. 
1. Dynamic Measurements 
8 
The water bulb was placed in a Dewar filled with methanol cooled 
to -102°C. At this temperature the methanol had a liquid-ice equili-
brium. Continuous stirring was provided while the bath was allowed to 
warm up by itself. The rate of warming was approximately 8°C per hour. 
2. Static Measurements 
The temperature of the water bulb was changed in steps using an 
electronic temperature controller. In this case the water bulb was 
enclosed in a narrow cylindrical Dewar. The controller regulated a 
heater acting on a flow of cold nitrogen admitted from a liquid nitro-
gen container into the Dewar. Again the water temperature was re-
corded simultaneously with the microbalance f requency. When the water 
temperature (pressure) and frequency were constant for more than ten 
minutes, the water temperature was changed to a new value. Except at 
the low microbalance temperatures, the time for the microbalance fre-
qu ency to e quilibrate was only a few minutes. 
For all experiments, the temperature of the water bulb was mea-
sured with a copper-constantan thermocouple. This thermocouple was 
connected to the two channel strip chart r ecorder on which the micro-
balance frequency was also monitored. The tubing connecting the micro-
balance to the water bulb was 37 mm in diameter; thermal transpiration 
effects on pressure determinations were therefore neglig ible. 
C. MATERIALS 
1. "Dirty" Gold Surface 
The microbalance's o r iginal gold electrode surface was used for 
9 
the first series of experiments. After completion of the first ad-
sorption isotherms, this surface was examined by Auger electron spec-
troscopy (AES). The AES apparatus has been described previously.? 
For this examination, the microbalance crystal was subjected to 
the same Z00°C bakeout as the stainless steel bell jar and the cylin-
drical mirror analyzer used for the Auger electron analysis. After 
bakeout, the residual gas pressure was less than 5 x lo-10 torr. 
The Auger electron spectrum of the "dirty" gold sur face is shown 
in Figure 4. It shows that the approximate ratio of carbon to oxygen 
atoms is 13. It was therefore concluded that the carbon was mostly 
in the form of elemental carbon. By comparison with the Auger spec-
trum of gold given in the Handbook of Auger Electron SpectroscopyZ3, 
the surface coverage was estimated to be of the order of one monolayer 
of carbon. (See Appendix A) 
z. "Clean" Gold Surface 
At the conclusion of measurements using the "dirty" gold surface 
described above, fresh gold surfaces were prepared on the microbalance 
by e vaporating gold atoms from a hot filament . These gold films were 
formed at residual pressures of about 10-7 torr. The residual gases 
indicated by the mass spectrometer were mainly Hz and CO, neither of 
which adsorb to any practical extent on go ld in this range of pres -
sures .8 After this deposition, a period o f about sixteen hours was 
required to bring the microbalance to a stable frequency (i.e. with 
a variation< 0.01 Hz). Du ring this time, the base pressure was 
about 10-8 torr in the crystal chamber, the residual g as be ing mainl y 












be atomically clean after this preparation. However, these surfaces 
gave reproducible isotherms, even when the preparation time varied 
considerably. As compared to the original microbalance surface, the 
surfaces of the deposited gold films were considered "clean". 
3. Water 
Doubly-distilled water was first degassed in another vacuum sys-
tem by mechanical pumping. A liquid nitrogen trap separated the 
pump from the water bulb. After most of the water had been pumped 
away, the glass bulb was sealed off. It was then connected to the 
adsorption apparatus through a glass break seal and a metal valve. 
After the seal was broken, the water was further degassed by freezing 
at 77 K and pumping with the ion pump for three hours. This freezing 
and degassing procedure was repeated at intervals between isotherms. 
12 
III. EXPERIMENTAL PROCEDURE 
A. WATER ADSORPTION ISOTHERMS 
Before each experiment the vacuum chamber was baked at 200°c 
for 36 hours with only the ion pump in operation. This procedure 
brought the system to its base pressure, below 5 x lo-9 torr. The 
water bulb was brought to the starting temperature, around -loooc, 
either with temperature controlled nitrogen gas or with the methanol 
bath. 
About twelve hours were required before the frequency of the 
quartz crystal became sufficiently stable (± 0.01 Hz) after the 
crystal chamber had been placed in the constant temperature bath. 
In the first series of experiments the constant temperature bath 
was put into operation immediately after the bakeout. 
In the second series of experiments, gold had to be deposited 
on the microbalance before putting the constant temperature bath into 
operation. 
The gold to be evaporated was first degassed for a few hours by 
heating the tungsten wire just below the temperature at which evapor-
ation of gold became measureable. This temperature was not directly 
measured. To reach this point, the current in the tungsten wire was 
increased slowly so as to maintain the pressure below lo-6 torr. The 
increase in current was stopped at the first indication of a steady 
rate of frequency shift. The current was then slightly reduced and 
held constant for several hours. During this time, the pressure was 
maintained in the 10-7 torr range. After degassing, the current was 
slightly increased so as to obtain a slow evaporation of gold. 
13 
In order to monitor the amount of deposited gold with the fre-
quency shift of the microbalance, one filament was heated at a time. 
That is, one side of the microbalance was plated with a fresh film, 
and then the other side was plated. 
For the first experiment with evaporated gold, 500 layers were 
deposited on each side of the microbalance. One adsorption isotherm 
was measured. For each of the following isotherms, only 100 layers 
of gold were deposited on each side. The deposition of 100 layers 
took 30 minutes. The crystal chamber was then placed in the constant 
temperature bath and an isotherm measured. The system was baked out 
and a fresh gold film was deposited before each experiment. 
When carrying out a "dynamic" experiment the basic assumption 
is that the adsorption system is never very far from equilibrium. A 
comparative study was made between both procedures. It was found 
that from approximately + 3°C to higher temperatures the results ob-
tained from both procedures were in complete agreement. Below this 
temperature the time needed to reach equilibrium was too long and the 
"static" procedure had to be used. 
B. KRYPTON ADSORPTION ISOTHERMS 
The surface roughness factor of the gold surface was found by 
3 the BET method using krypton as the adsorbant. The crystal chamber 
was cooled with liquid nitrogen. The frequency took thirty-six hours 
to stabilize. Then krypton gas was admitted to the system. The pres-
sure was increased in steps and read at the ionization gauge. After 
e ach increase in pressure, the frequency took between 30 min and 1 hr 
14 
to stabilize. The ionization gauge response is linear in the range 
of pressures considered. The gauge was calibrated with the known 
6 
vapor-liquid equilibrium of Kr at 77 K, p = 1.74 torr. 
0 
C. ACCURACY OF THE MEASUREMENTS 
1. Frequency Measurements 
The precision of the frequency measurements was + 0.001 Hz. A 
stability of ± 0.01 Hz was obtained during the time of the frequency 
measurements. This corresponds to an accuracy of + 0.06 x 1014 water 
-2 
molecules em , or approximately one hundredth of a monolayer of water. 
2. Pressure Measurements 
The estimated accuracy of the water bulb temperature measure-
ments was + 0.3°C. The error on the pressure measurement can bees-
timated from the relation 
n ( ) -- 10.5 (1- 373)-;vn p atm T (2) 
It gives a relative error ~ = 0.05. The range of water vapor pres-
p 
f 1 10- 5 torr. sure goes rom to 
15 
IV. RESULTS 
A. WATER ISOTHERMS 
Log-log plots of the quantity of adsorbed water versus water 
vapor pressure at various temperatures are shown in Figures 5 and 6. 
These plots show coverages from approximately 0.2 x 1014 to 25 x 
14 -2 
10 molecules em , for both "clean" and "dirty" gold surfaces. 
The surface occupied by one molecule of water on the gold surface 
is not known. 02 It will be shown later (p. 31) that 16 A can be 
taken as an estimate. With such a value, the range of coverages is 
0.3 to 4 monolayers. In the following, coverages below one monolayer 
will be referred to as "low coverage" and coverages above one mono-
layer as "high coverage". 
The plot in Figure 5 consists of straight lines over the total 
range of pressures. In Figure 6 it consists of straight lines over 
nearly three decades of pressure. This shows that a Freundlich type 
isotherm is obeyed, i.e. 
( 3) 
where rn is the mass of condensate per unit area, P is the pressure 
of the vapor, and A and n are constants. A theoretical derivation 
of the Freundlich isotherm is given in Appendix B. 
By plotting log p for a fixed value of the coverage as a function 
of -1 an Arrhenius graph was obtained as shown in Figures 7 and T , type 
8. The slope of these curves is equal to qst/R where qst is the iso-
steric heat of absorption and R is the gas constant. (See Appendix B.) 
A plot of the population density of adsorbed water on the qst versus 
clean and dirty gold surfaces is given in Figure 9. 
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Figure 6. Water Adsorption Isotherms on "Clean" Gol d 
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Figure 9. Isosteric Heat of Adsorption 
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21 
On clean gold, the maximum qst measured was 35 kcal mole-1 at 
a coverage of 0.6 x 1014 molecules cm-2. From this value, qst de-
creased logarithmically with increasing H2o coverage up to one mono-
layer. It then reached a constant value of 13 kcal mole- 1 . 
On "d;rty" ld · d 
L go , qst var~e much less. The highest measured 
value was 19 kcal mole-l at 1.2 x 10 14 molecules cm- 2 and the lowest 
16 kcal mole-l at 5.4 x 10 14 molecules cm-2. No logarithmic behavior 
of qst was observed within the range of the measurements. 
B. KRYPTON ISOTHERMS 
The surface roughness of the gold surfaces was computed by 
carrying out adsorption of krypton gas at liquid nitrogen temperature 
and plotting the data according to the linear BET relation3, 
p 
+ (4) 
6.N(P 0 -P) 
where 6.N is the number of molecules adsorbed under the equilibrium 
pressure P, N0 is the adsorbed amount necessary for the completion ofthe 
monolayer, P0 is the saturated vapor pressure of krypton at the tempera-
ture of liquid N2 , and C is a constant. The BET plots for "dirty" and 
"clean" gold surfaces are given in Figures 10 and 11, respectively. 
In the case of the dirty gold surface the isotherm is composed of two 
straight lines of different slope. This is not unusual and similar 
d b h . . t 20 s h 20 h t b curves have been foun y ot er ~nvest~ga ors. c ram as es a -
lished that the correct value of the intercept is give n by the extra-
polation of the straight line of higher slope. We will assume this 
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Figure 11. BET Plot for Krypton Adsorption on "Dirty" Gold 
23 
24 
The surface areas were calculated by evaluating N from the 
0 
gradient and the intercept of the BET plot and taking the molecular 
area ~ of krypton as 17.6 x 10- 6 cm2. 16 The su rf ace roughness R of 
the sample is defined as R = ~N0 • For "dirty" gold R = 1.7 and for 
"clean" gold R = 2.8. 
C. BET PLOTS FROM WATER ISOTHERMS 
A BET plot was attempted with the data for wate r on gold . As 
stated earlier this method is not expected to work in a case where 
chemisorption occurs. However it may be of interest to compare the 
results given by the BET method with the results derived from the 
use of the Freundlich equation. The BET plots for "clean" and " dirty" 
gold are shown in Figure 12. In both cases the isotherms are composed 
of two straight lines of different slope. As in the case of krypton 
on "dirty" gold, we will assume that the correct value for the inter -
cept is given by the line of highest slope. The range goes from 
12 x 1014 to 30 x 10 14 molecules cm- 2 for "clean" gold and from 18 x 
1014 to 60 x 1014 molecules cm- 2 on "dirty" gold. In both cases this 
corresponds to the high coverage range. The values for NH 0 (molecules 
2 
cm- 2 at monolayer coverage) were evaluated from the gradient and the 
intercept of the plots. For "dirty" gold NH 0 2 
clean gold NH o= 1.8 X 10 15 molecules cm- 2 . 
2 
15 
= 2.8 x 10 and for 
By taking the values of the surface roughness R from the BET 
plot with krypton, the surface area of the water molecules was com -
puted from ~H20 = R/NH20 . For dirty gold, ~H20 = 3.6 and for clean 
gold, ~H o= 16 ~2. The isosteric heat of adsorption for t he first 
2 
800.0 
B (DIRTY GOLD) 
.05 .10 .15 .20 .25 
B = P/Po 
P I . 18 C= <e-p)~ X 10 
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e DIRTY GOLD 
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Figure 12. BET Plot for Water Adsorption 
25 
layer, E1 , was also computed in accordance with the BET relation3 
(which assumes a constant qst for the first layer), 
c 
latent heat of condensation of water 
kcal/mole-1 
R = gas constant 
9. 77 
The results are for "dirty" gold E1 
"clean" gold E1 = 13.5 kcal mole-1 • 
-1 
= 12.6 kcal mole , and for 
D. DIFFERENTIAL MOLAR ENTROPY OF ADSORPTION 
The experimental data also give access to the differential molar 
entropy of adsorbed water according to the formula18 
qst 
- R .R.n P - T (5) 
where qst is the isosteric heat of adsorption, P is the equilibrium 
pressure in atmospheres, S is the molar entropy of the water vapor, g 
26 
and 8 is the fractional monolayer coverage. The entropy of adsorption 
has been investigated for the "clean" gold surface. Table 1 lists 
calculated values of this entropy for various coverages. The calcu-
lations were made for the data at + l4°C, as this temperature falls 
in the middle of the range of temperatures investigated. 
Coverage 
mo1ecu1es/cm2 






CALCULATED VALUES OF THE DIFFERENTIAL 
MOLAR ENTROPY OF ADSORPTION 
P(torr) sg (e.u.) qst(kca1 mo1e-1) 
1.6x 10-5 65 -35 
2.5 X 10-4 59 -20 
6.7 X 10-4 57 -17 
3.4 X 10-3 54 -15 
1.05 X 10-2 52 -13 . 
27 






s was obtained from steam tab1es6 and Sg was computed with the 
go 
V. DISCUSSION 
A. ISOSTERIC HEAT OF ADSORPTION AND SURFACE ROUGHNESS 
1. "Clean" Gold Surface 
28 
Adsorption proceeds over nearly three decades of water pressure 
on this surface according to a Freundlich isotherm. The isosteric 
heat of adsorption decreased logarithmically with increasing water 
coverage. Such a decrease is expected for a Freundlich isotherm, as 
shown in Appendix B. Furthermore, Halsey and Taylor21 have shown this 
behavior to be explainable only in terms of an exponential distribution 
of energy among sites on a heterogeneous surface. Rapid heat fall at 
low coverage values should be general be regarded as indicative of 
heterogeneity, as adsorbant molecule interactions are not large under 
these conditions, the molecules being far apart. Such heterogeneity 
can be expected from a film prepared by evaporation17 , and is compat-
ible with the fact that the measured roughness factor is 2.8. 
As sites of infinite energy do not exist, an upper limit to the 
heat of adsorption is expected. When the qst has reached the value 
corresponding to the maximum site energy, it will stay constant as the 
coverage decreases further. This heat is known as the initial heat of 
adsorption. The present measurements do not cover a range of coverages 
low enough to show any maximum for the energy. It can only be said 
from the present data that the initial heat of adsorption on the evap-
orated gold films is greater than or equal to 35 kcal mole- 1 . 
29 
At high coverage a constancy of the heat of adso r ption is expec-
ted. Above one monolaye r cove r age, the phenomenon tak ing place is 
mainly c o ndensation of wa t er on water. It can therefore be expected 
that at such coverages the heat of adsorption will reach a valu e c l o se 
to the heat of liquefaction of water, 9.77 kcal mole- 1 . 6 The present 
data show a heat remaining constant at 13 kcal mole- 1 . This value is 
actually based on only two points at respective coverages of 6 x 1014 
and 12 x 1014 molecules cm- 2 . These values do not represent coverages 
greater than three or four monolayers of wat e r. 18 Armbruster reports 
several studies made of adsorption of water on various metallic sur-
faces at similar and higher coverages. All the studies give heats of 
adsorption very close to 13 kcal mole- 1 , i.e., always greater than the 
heat of liquefaction of water. 
An est~mate of what maximum heat of adsorption can be expected for 
the chemisorption of an H20 molecule on clean gold can be made, based 
on the high electron affinity of gold9 The calculated value of the 
electron affinity is 56 kcal mole-l for gold and 16.4 kcal mole-l for 
By analogy with the hydrogen bonding in the liquid state 
of water, the following model is proposed: 
The average energy of the hydrogen bond in water is 4.86 kcal 
mole-1.22 We assume that one bond betwe en H20 and Au will be stro nge r 
d b d b t H 0 a nd H by the ratio of electron than the hy rogen on e ween 2 
affinities. 
30 
Therefore for two bonds between H 0 1 1 one 2 mo ecu e and two Au atoms, 
one estimates an energy q 
st' 
56 2 X 4.86 X 16 . 4 
-1 34 kcal mole 
This value of qst is in agreement with the value found for the high-
est heat of adsorption. 
2. "Dirty" Gold Surface 
On this surface, water adsorption also proceeds according to a 
Freundlich isotherm. The interpretation of the data in this case is 
made difficult by two factors. First, the range of coverages is more 
narrow than in the study of the "clean" gold surface. No logarithmic 
decrease of qst was observed but it is possible that qst for water on 
14 -2 
"dirty" gold increases for coverages below 0.6 x 10 molecules em , 
the lowest coverage studied on this surface. Second, the role played 
by the carbon present on the surface is not known. The measurements 
of adsorption of water on various carbon blacks by Nillard et a1. 11 
12 
and Young et al. show heats of adsorption ranging from 5 to 13 kcal 
-1 
mole at low coverage. At this coverage the measurements on "dirty" 
gold give a value of 19 kcal mole-1 . We might therefore conclude that 
the influence of the gold surface is not completely eliminated by the 
presence of carbon. If H20 molecules interacted only with carbon, 
q would be probably smaller than observed at low coverage. 
st 
B. SURFACE AREA OF ADSORBED WATER MOLECULES 
The values found for the surface area covered by an adsorbed 
water molecule can give some information about the way the water mole-
cule is bound to the surface at monolayer coverage. The literature 
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lists two values for the surface area S covered by a water molecule. 
A theoretical one is given by the formulalO 
s (6) 
where M is the molecular weight of the substance, d its density and 
N the Avogadro number. This is the area occupied by molecules when 
packed closely on the metal surface. For water the formula gives 
02 S = 10 A . 0 2 1 An experimental value of 17 A was found by Sarakhov . 
This area corresponds to the area of one atom of gold and the author 
concluded that one molecule of water was bound to one atom of gold. 
Our value on "clean" gold is 16 ~2 , and so agrees with the value of 
Sarakhov. We might therefore retain his model for the adsorption: 
one molecule of water bound to one atom of gold. This does not in-
terfere with the model previously proposed where one molecule of 
water was bound to two atoms of gold, as this model was proposed for 
a very low coverage range. The small S of water on "dirty" gold is 
not explained. The presence of carbon might affect the results if 
it gives two different values of R for krypton and water. The values 
of E1 for the clean and dirty gold surfaces are in good agreement 
with the isosteric heats in the neighborhood of one monolayer coverage. 
C. COMPARISON OF EXPERIMENTAL AND THEORETICAL ENTROPIES 
Three different entropies associated with an adsorbed layer at 
average 8 can be distinguished, namely: the total entropy of the 
adsorbed layer s8 , the integral molar entropy s 8 , and the differen-
tial molar entropy s 8 . 
They are related as follows: 








Comparison of the entropy of the adsorbed layer, derived from 
the experimentals measurements, with the theoretically calculated 
entropies may show whether the layer is mobile or not. If we as-
sume that the mobile and immobile parts of the adsorbate each make 
their own contribution to the total entropy, the fraction of molecules, 
x , which is mobile at any given instant is given by 
2 x 8 trans + (l-x) sconfig sexp (9) 
The entropies listed in this formula are integral entropies, taken at 
appropriate coverage. s is the theoretical translational molar 
trans 
entropy. The factor 2 stands for the two axes of translation on the 
surface. sconfig is the molar configurational entropy which arises 
for immobile layers because the molecules or atoms are distributed 
over the surface in a number of different ways. s is the experi -exp 
mental entropy . 
The present data provide us with differential molar entropies 
and the question arises as to whether or not it is possible to deduce 
any information from them. Rideal and Sweett19 have shown by compar-
ing experimental and calculated entropies that the contribution of 
the mobile and immobile fractions of the adsorbate to the ove rall 
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differential entropy are not simply additive as in the case of inte-
gral entropy. 
If there is a transition from mobility to immobility, the overall 
differential entropy may become very large, larger in fact than either 
s f. or s . However if the experimental differential entropy con ~g trans 
is close to either one of these two theoretical values, this can 
generally be taken as an indication about the mobility or immobility 
of the layer. 
The following paragraph presents a calculation of the theoretical 
translational and configurational differential molar entropies. 
1. Translational Differential Molar Entropy 
According to Kemball 13 , the translational molar entropy of a 
two dimensional perfect gas is 
2 strans = R ~n MTB + 65.8 
-1 -1 
cal . deg mole (10) 
where M is the molecular weight of the adsorbed species and B the 
area in cm2 available for it on the surface. If ~ is the area 
covered by one mole of H2o at unity coverage , at fractional coverage 
ewe have: 




2 s = R ~n MTA (1-8) + 65.8 
8trans m 
(12) 
which giv es for the differential molar entropy 
2 8 8trans 
-RL + R ~n MT~(l-8) + 65.8 1-~ (13) 
Table II gives the theoretical translational differential e ntropie s 
calculated in this manner. To compute A it was assume d that one 
. m 
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molecule of water occupied a surface area of 16 ~2 which gives for one 
mole 
0 
This value of 16 A2 is only approximate. Therefore the translational 




(molecule cm-2) 2 s8trans (e.u.) 
0.6 X lol4 124 
1.2 X 1014 124 
1.8 X 1014 124 
3.6 X 1014 123 
6 X lol4 123 
2. Configurational Differential Molar Entropy 
14 According to Everett , the molar configurational entropy, is 
s . conf~g 
-R[8 + (l-8 ) ln (1-8) ] cal deg-l mole - 1 
8 (14) 
This value is for non-dissociated single site adsorption o n a homo -
ge neous surface. 
Although the way HzO adsorbs on water has not be e n e stablished 
and the surface is known to be heterogeneous, this formula will be 
us e d to get an estimate. It gives for the differential molar e nt ropy : 
8 8config = 8 T 
8 
-R .R.n 1-8 (1 5) 
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(molecules cm- 2 ) se (e.u.) 
0.6 X 1014 6.7 
1.2 X 1014 5.3 
1.8 X 1014 4.4 
3.6 X 1014 2.8 
6 X 1014 1.4 
The experimental differential entropy and the calculated differ-
ential translational entropy are found to be of the same order of 
magnitude, while the configurational entropy calculated is very small 
compared to the experimental value. As stated before, this can b e 
taken as an indication of a mobile layer. 
We can strengthen the case in favor of a mobile layer by using 
the Beek criterion of mobility15 This criterion is based on an in-
terpretation of how the isosteric heat of adsorption varies with 
coverage. As shown by the surface area measurements, films can 
possess internal surfaces • A small charge of gas rapidly adsorbed 
will not reach these internal surfaces quickly but will cover com-
pletely the small part of the surface with which it happens to collide 
first • . If the layer is immobile, the molecules will not spread 
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throughout the surface to give a uniform distribution. The heat 
recorded will not be a true differential heat, but an integral one, 
an average of the heat for all coverages. qst will therefore appear 
to be independent of the coverage. On the other hand, if the layer 
is mobile, the molecules will spread throughout the surface, and so 
occupy first the sites of higher energy. In this case, decreasing 
heats of adsorption with increasing coverage will be recorded. Applied 
to the present data this criterion indicates that at low coverages 
water forms a mobile layer on the gold surface. 
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VI. SUMMARY AND CONCLUSIONS 
A quartz crystal microbalance was used to measure adsorption 
isotherms of water molecules on "clean" and "dirty" gold films. The 
surface roughness of these films as computed from the BET plot from 
krypton adsorption data was 2.8 for "clean" gold and 1.7 for "dirty" 
gold. 
Water was found to chemisorb on "clean" evaporated gold films with 
an isosteric heat of adsorption, qst = 35 kcal mole-l at low coverage. 
This heat decreased with increasing coverage until it reached a value 
of 13 kcal mole- 1 in the neighborhood of one monolayer coverage. This 
value is close to the heat of condensation of water on water. The 
following model for the low coverage adsorption is proposed: 
For this model the bonding energy is estimated to be 34 kcal mole- 1 . 
The experimental differential molar entropy of adsorption was 
compared with theoretical entropies. It was found to be composed 
mainly of translational entropy. This and the decrease of qst with 
increasing coverage favor a mobile water layer. 
The BET plot from the water adsorption data at coverages of one 
1 d b ;nd;cates that a water molecule occupies about 16 mono ayer an a ove L L 
~ 2on "clean" gold. 02 This agrees with the value of 17 A found previously 
by Sarakhovl. From the BET treatment the heat of adsorption for the 
d b 13 5 kcal mole -1 This is in agree-first layer, E1 , was foun to e · · 
ment with the value found for the isosteric heat qst at one monolayer 
coverage. 
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Auger electron spectroscopy studies of the "dirty" gold surface 
showed it to be covered with about one monolayer of elemental carbon. 
The isosteric heat of adsorption on this surface was found to be less 
variable with coverage. It was only slightly higher at low coverage 
than at high coverage. The maximum value was 19 kcal mole- 1 . From 
comparison with adsorption data of water on carbon it was concluded 
that the influence of the gold surface was not completely eliminated. 
The surface area covered by one H2o molecule on "dirty" gold computed 
from the BET plot for water adsorption and for Kr adsorption data was 
02 3.6 A . This small area may be caused by the carbon present on the 
"dirty" surface if this surface gives two different values of the 
roughness factor for krypton and water. The BET heat of adsorption 
for the first layer of water, E1 , was found to be 12.6 kcal mole- 1 . 
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IMPURITY ESTIMATION OF THE "DIRTY" GOLD SURFACE BY AES 
Auger Spectroscopy has been demonstrated to be a powerful tool 
for the study of surface impurities. However quantitative elemental 
analysis using AES has not been fully developed. 
The study made here of the "dirty" gold surface using AES pro-
vides only an estimate of the amount of impurities distributed in 
the gold. 
The Auger spectrum of the "dirty" gold surface is shown on Fig-
ure 4. The impurities found were carbon and oxygen. To determine 
if the carbon was mainly elemental or mainly in the form of CO, a 
calculation of the ratio of the Auger intensity "I" of the two ele-
ments was made. 
For each element: I (16) 
where S is the height of the peak, w is the peak width and k is the 






On the other hand the theoretical calc~lation g ives 
(17) 
(18) 
where n is the surface concentration of the element in atoms cm- 2 , 
E is t h e ionization energy a nd Q the ioni zation cross s e ction. 
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E Q 
The factor _£_£ is therefore a sensitivity factor for the par-
EoQo 
EcQc . The factor ----was g~ven the value 0.5222. 
EOQO 
ticular system studied. 




1. Furthermore if we look at the ratio 1 c 
no 23 Handbook of Auger Electron Spectroscopy for a 
Io 
clean 
given in the 
graphite sur-
face we find it to be of the order of the ratio found here . We can 
therefore conclude that elemental carbon is the main surface contam-
inant. 
The concentration of elemental carbon in gold can only be esti-
The Handbook of AEs 23 gives an Auger spectrum of gold. The mated. 
ratio ~ calculated from this spectrum is about four times smaller 
1 Au 
than the one found here. This indicates that we have in our case an 
attenuation of the gold peak, that can be attributed to carbon pre-
sent on the surface. In a very qualitative way we can conclude the 
presence of elemental carbon with a surface concentration on the order 




As an alternative to the Langmuir isotherm, Freundlich suggested, 
empirically at the time of its proposal, an isotherm that may be ex-




where c and n are quantities dependent on T, and c also depend on the 
unit employed for measurement, the surface area of the adsorbent, 
and so on. n, which is always greater than unity, is characteristic 
of the particular system which is studied. 
Since its promulgation it has been shown that the Freundlich 
isotherm may be derived theoretically if certain assumptions are made 
concerning the nature of the surface and the mechanism of adsorption. 
We give here the thermodynamic derivation carried out by Ridea124 






where F is the spreading pressure, A is the area occupied by one mole 
of adsorbate on the surface, and p is the equilibrium pressure exerted 
by the gas phase. 
The assumption is that the surface layer obeys an equation of 
state of the form 
FA = nRT (21) 
where n is a constant correcting for the mutual interaction of the 
adsorbed molecules . The forces within the surface layer are attractive 
if n is less than unity and repulsive if it is greater. 











• - = 
dp 
and rearranging we arrive at 




where V is the volume of gas adsorbed and is proportional to A. 
On integration this equation gives 
v 1/n cp 
where c is a constant. 
The heat of adsorption is obtained by applying the Clausius 
Clapeyron equation 
With n FA = RT from equation, we get 
which gives 
d £,n p 
d(l/T) 
= FA £,n V 
R c 










showing a logarithmic dependence of the heat of adsorption and the 
coverage. 
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